Improvement of thoracic mobility is important for patients with diseases such as chronic obstructive pulmonary disease (COPD). Chest expansion training is often conducted to increase the thoracic excursion. However, it is difficult for the patients to keep the motivation for rehabilitation, because the chest excursion is only measured. In this paper, we analyze the effect of real-time biofeedback on thoracic excursion. In 30 healthy subjects, thoracic excursion was increased by 6 mm (17%) when using the biofeedback system. Our results confirmed that we have developed an effective system for rehabilitation of respiratory function.
Introduction
The ability to accurately evaluate respiratory function is important in disorders such as chronic obstructive pulmonary disease (COPD), ankylosing spondylitis, asthma, thoracic scoliosis and cystic fibrosis, where respiratory dysfunction can be dangerous and even fatal (1) (2) (3) (4) (5) 10) . Some pulmonary rehabilitation programs and certain medications can affect respiration, and monitoring of these effects can be useful to the clinical researcher (6) . It is also important to evaluate respiratory function before and after surgery. Thoracic excursion, which is defined as the difference in chest circumference between maximal exhalation and maximal inhalation (11) , is one of the simplest and most important indexes used to evaluate respiratory function. Thoracic excursion therapy is undertaken to improve thoracic mobility and flexibility, as a decrease in thoracic excursion also decreases amount of ventilation in every breath and leads to exacerbation of fatigue and shortness of breath.
In clinical rehabilitation, thoracic excursion is measured manually by measuring chest expansion using a tape measure (7, 10) . This method is very simple for the physical therapist.
Some researchers have developed chest circumference measurement devices. Verzar developed a thoracometer (12) . Wade used a mercury-in-rubber strain gage system to measure movement of the thoracic cage (13) . Tawa et al used optical and acceleration sensors (8) . Merritt et al developed a textile-based sensor to monitor respiration (9) . These measurement systems have been well evaluated, but patients have difficulty understanding their respiratory function and sustaining motivation for rehabilitation using either a conventional tape measure or the other previously developed methods, because thoracic excursion is only measured. Biofeedback is a technique that trains people to improve their health or body by controlling certain bodily processes that are normally involuntary, such as heart rate, blood pressure, muscle tension and skin temperature. Sensors measure these parameters and electronically convert the information to auditory, visual or tactile information. Such biofeedback systems are very effective in rehabilitation (14, 15) . However, no biofeedback system has been developed for respiration, and the effects of such a system for respiration have not been evaluated. The purpose of this study was to analyze the effect of real-time visual biofeedback of measured thoracic excursion on respiration. As a first step, the developed system was evaluated using healthy subjects.
Methods

Instrumentation
A wire type linear encoder (Microtech Laboratory Inc., MLS-30, resolution: 0.2 mm, multiplication: 4) was selected as a sensor to measure changes in chest circumference (Fig.  1) . The wire was wrapped around the chest at the level of the axillae and xiphisternum (Fig.  2) . Chest circumference was measured using a counter board (USB connection, CONTEC, CNT24-2(USB)GY, sampling time: 50 msec). Thoracic excursion, di, was calculated as follows: The interface screen is designed simply and intuitively. The physical therapist only has to enter the patient's name and click three times to measure thoracic excursion and print out the data. The setup time to start measuring thoracic excursion is less than 1 minute. 
Experimental protocol
Thirty healthy young subjects (age: 24.5 ± 2.4 years, height: 1.66 ± 0.08 (m), weight: 56.5 ± 8.3 (kg), body mass index (BMI): 20.3 ± 2.1 (kg/m2)) wore the measurement device at the level of the xiphisternum (21) . Vital capacity, which is one of the most important indexes in respiratory function, is strongly correlated with thoracic excursion at this level. The subjects wore the thin shirt to reduce the influence of the subject's clothes. All subjects were initially instructed to take ten breaths as deeply as possible. Before the experiment, the subjects were told "Take breaths as deeply as possible to exceed last chest excursion." The subjects were then randomly divided into two groups: Group A (15 subjects, age: 24.8 ± 2.4 years, height: 1.64 ± 0.09 (m), weight: 52.9 ± 6.7 (kg), BMI: 19.7 ± 1.8 (kg/m2)) and Group B (15 subjects, age: 24.1 ± 2.4 years, height: 1.69 ± 0.06 (m), weight: 60.1 ± 8.4 (kg), BMI: 20.9 ± 2.2 (kg/m2)). The subjects in Group A were instructed to take ten deep breathes while watching the biofeedback screen, followed by ten deep breaths without watching the screen. The subjects in Group B were instructed to take ten deep breaths without watching the biofeedback screen, followed by ten deep breaths while watching the screen. Subjects were given adequate time to rest between these deep breaths. Before the test, the subjects understood the meanings of all graph and values in biofeedback screen. They found how to change screen by conducting their breath about five times. Each subject selected information which was easy to improve or maintain his or her chest excursion.
This study was approved by the institutional review board at Waseda University, Tokyo, Japan (#2011-009). Consent was obtained from all study participants, and they were informed that they could withdraw at any time if they wanted to. Subjects practiced taking deep breaths before the onset of the experiment, and screen presentation of the real-time biofeedback system was explained to them.
Statistic
Unpaired t-test with two-tailed test was used to show the effectiveness of the biofeedback system. All statistical analyses were performed using SPSS statistical software (Version 18.0J, SPSS Japan Inc., Tokyo, Japan). Figure 4 shows the thoracic excursion data of all subjects. Thoracic excursion when biofeedback was used (d with ) was 53 ± 22 (mm), and when biofeedback was not used (d w/o ) was 46 ± 21 mm. Thoracic excursion was 6 ± 4 (mm) more with biofeedback than without, which is a statistically significant difference (paired t-test, t = 5.12, df = 29, p < 0.00001).
Result
Comparison of physical characteristics between Group A and Group B found a significant difference only in weight (unpaired t-test, t = -2.56, df = 28, p < 0.05) ( Table 1) .
Thoracic excursion data for Group A and Group B is summarized in Table 1 . As shown in Fig. 5 , thoracic excursion was greater with biofeedback than without in both Group A (paired t-test, t = 3.36, df = 14, p < 0.01) and Group B (paired t-test, t = 4.23, df = 14, p < 0.001). The percentage change in thoracic excursion resulting from biofeedback was compared between Group A and Group B. The biofeedback effect, R BF , defined as the percentage change in thoracic excursion with biofeedback versus without biofeedback, was normalized against thoracic excursion without biofeedback:
The R BF of Group A was 11 ± 11% and that of Group B was 22 ± 19%, which is a statistically significant difference (unpaired t-test, t = -2.14, df = 28, p < 0.05). 
Discussion
There are a many studies evaluating respiration, as it is one of the most important bodily functions. Most studies focus on aspects such as vital capacity and SpO 2 . However, there are few studies evaluating thoracic excursion, even though measurement of chest expansion is one of the most frequently used methods to undertake and evaluate pulmonary rehabilitation. Jennifer et al (16) measured thoracic excursion in healthy young people, and reported thoracic excursion of 51 ± 62 (mm). Thoracic excursion measured in this study was 46 ± 20 mm without biofeedback and 53 ± 22 (mm) with biofeedback, which is very similar to the figures reported in Jennifer's study. Biofeedback increased thoracic excursion by 6 ± 4 (mm) (R BF = 17 ± 11%) in this study, showing biofeedback to be effective in chest expansion training. As shown on the Konno-Mead Diagram (17) , thoracic excursion is an indicator of ventilation. Our results therefore indicate that biofeedback increases ventilation. Based on Tabata's equation (18) which shows the relationship between thoracic excursion and vital capacity in Japanese persons, biofeedback increases vital capacity by 71 ± 47 (mL). According to Wither's prediction (19) which shows a high correlation between vital capacity and thoracic excursion, vital capacity is increased by an average of 354 (mL) through using biofeedback of thoracic excursion. The effect of biofeedback on thoracic excursion was larger in Group B (the subjects who did not use biofeedback for the first breath) than in Group A (the subjects who used biofeedback for the first breath). There are two possible reasons for this difference. First, the subjects in Group A may have regarded the data presented by the biofeedback as their best possible thoracic excursion because it was their first attempt, and they did not have a previous deep breath to compare with. Second, thoracic mobilization may have been immediately improved by the use of biofeedback (20) . However, our data shows that thoracic excursion without biofeedback was almost the same in Group A as in Group B (Table 1) , so the first reason seems more likely.
Conclusion
Thoracic excursion is one of the simplest and most useful indexes used to evaluate respiratory function. In this paper, we analyzed the effect of the biofeedback system on respiratory function. Our results showed that it was easier to maintain a large thoracic excursion during deep breathing when using a real-time visual biofeedback system showing chest expansion.
Currently, three chest excursion biofeedback systems are used in the clinical rehabilitation. Reliability and repeatability of developed system will be reported by collaborated therapists in National Center of Global Health and Medicine. According to the medical doctor and physical therapists comments, the developed system is qualitatively effective to improve the motivation of the respiration rehabilitation. We plan to undertake further studies to measure long-lasting effects of this biofeedback method on respiratory rehabilitation, including use in patients with conditions such as COPD.
